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Self-assembled monolayers
Fig. 1 displays the general structure of SAMs . Generally, these ultrathin films consist of densely packed elongated molecules, which stand up on top of the substrate's surface. The film thickness typically is 1-2 nm. Each molecule can be divided into three functional parts: i) the head group, which couples the molecules to the surface and defines the type of the SAM. Most prominent are thiol-based SAMs on gold and other coinage metals (Love et al., 2005) , silane-based SAMs on oxidic or surface-oxidized substrates (Onclin et al., 2005) and organic monolayers from olefinic precursor molecules on semiconducting platforms (Buriak, 2002) . ii) the backbone, which in the simplest case represents an aliphatic hydrocarbon chain, and iii) the end group, e. g. simple functional groups such as amine or carboxyl groups or more complex chemical or biochemical functionalities. Upon varying the chemical structure the chemical reactivity and resistance of SAMs can be tailored. This explains the wide-spread use of SAMs as ultrathin resists and functional coatings (Love et al., 2005; Onclin et al., 2005; Buriak, 2002) . In particular, via the end group additional components can be attached to the surface. In conjunction with patterning routines this provides a facile means to fabricate chemical templates with domains of defined size, shape and chemical termination. Such platforms allow one to selectively couple nanoscopic building blocks in predefined surface areas in order to build up functional surface architectures (Woodson & Liu, 2007) . A common procedure for the preparation of SAMs considers immersion of clean substrates into millimolar solutions of respective precursor molecules. With time the molecules couple to the substrate surface via the head group, stand up on the surface and form a densely packed monolayer as depicted in Fig. 1 . Monolayer growth is self-limiting, as the end groups usually are chosen as to not react with the head groups. The quality of the monolayer in terms of packing density and order, however, strongly depends on the type of the SAM and the detailed preparation conditions (Love et al., 2005; Onclin et al., 2005; Buriak, 2002) . In the work reviewed here, alkylsiloxane SAMs and alkanethiol SAMs are addressed. As substrates quartz glass, surface-oxidized silicon and Au-coated silicon samples are used. Surface-oxidized silicon samples expose a native oxide layer with a thickness of 1-2 nm on top. Au-coated silicon samples are silicon samples with a 5 nm Ti adhesion layer and a 40 nm Au layer on top. Detailed coating procedures are given in the literature (Hartmann et al., 2008; Franzka et al., 2010; . Briefly, prior to coating, all substrates are c l e a n e d i n h o t p i r a n h a s o l u t i o n ( a m i x t u r e o f s u l f u r i c a c i d a n d h y d r o g e n p e r o x i d e ) . Octadecylsiloxane (ODS) monolayers then are formed upon immersion of the substrates into a millimolar solution of octadecyltrichlorosilane in toluene. For coating with hexadecanthiol (HDT) monolayers a millimolar solution of HDT in ethanol is used. Schematic presentations of the distinct SAM/substrate combinations are shown in Fig. 2. 
Nonlinear femtosecond laser processing
Laser processing is widely recognized as a facile and versatile means for direct patterning of SAMs . If nanopatterning is targeted, the optical diffraction limit, however, poses a significant constraint (Bäuerle, 2000) . Even if highly focusing optics with a numerical aperture NA close to one is used the minimum structure size d min usually is not much smaller than the wavelength λ of the laser light:
A common means to extend the lateral resolution of laser techniques into the subwavelength range takes advantage of nonlinear effects (Bäuerle, 2000; Koch et al., 2005a; Ali et al., 2008; Chong et al., 2010) . If one considers the complexity of photoexcited processes at surfaces, the pool of nonlinearities, of course, is large (Zhou et al., 1991; Richter & Cavanagh, 1992; Zimmermann & Ho, 1995; . In general, direct and indirect excitation mechanisms can be distinguished. Direct mechanisms are based on an immediate excitation of the adsorbed molecules within the monolayer. Examples include photoexcitation via single or multiphoton processes and field-induced processes. In contrast, indirect mechanisms start with excitation processes that are initiated in the substrate. Absorption of laser light in the substrate at first generates excited charge carriers, such as hot electrons. On one hand, these electrons may interact with the adsorbed molecules building up the monolayer and initiate reactions. Examples are photochemical or photoelectrochemical reaction pathways. On the other hand, the excited electrons eventually scatter inelastically with the substrate lattice, which inevitably results in a certain temperature rise at the surface. This provides the basis for photothermal reaction pathways. All the aforementioned processes proceed on material-specific time, length and energy scales, which vary over several orders of magnitude. This makes laser patterning a rich and complex process (Bäuerle, 2000) . For this reason, nonlinear laser processing of organic monolayers, at first, necessitates a proper choice of all laser parameters in order to trigger the desired surface reactions and avoid damage of the substrate . Fig. 3 depicts some of the essential energetic parameters: the photon energy E P , the linear photodissociation threshold E D of the monolayer and, if applicable, the band gap E B of the substrate. Commonly, in nonlinear laser processing photon energies well below the photodissociation threshold are chosen. Femtosecond lasers here offer some particularly promising perspectives (Hartmann et al., 2008; Franzka et al., 2010; . Processing of organic monolayers on dielectric materials with E B > E P allows one to exploit multiphoton absorption processes. On semiconductors and metals with E B ≤ E P , indirect processes, e. g. multiple electronic excitations or photothermal reactions can be initiated. All these processes introduce strong nonlinearities and ensure sub-wavelength resolution. Note, although fs-lasers commonly are used in order to minimize thermal impact, photothermal pathways could open up shortly after local irradiation with fs-laser pulses. Laser processing experiments described in this work have been carried out at the Laser Zentrum Hannover (LZH) using a commercial Ti:Sapphire oscillator-amplifier system (Femtopower compact Pro, Femtolasers Produktions GmbH) at ambient conditions. A detailed description of the experimental setup is given in the literature (Koch et al., 2006) . The laser system provides Gaussian laser pulses with a wavelength and a pulse length of λ = 800 nm and τ < 30 fs, respectively. A Schwarzschild microscope objective with NA = 0.5 is used to focus the laser pulses onto the substrates. The 1/e focal spot diameter d 1/e somewhat varies depending on the specific objective and the optical adjustment of the experimental setup. Respective values in each experiment are obtained upon fitting the experimental data as outlined below. Typically, single-pulse processing at distinct pulse energies E is carried out. Fluences F are calculated via (Hartmann et al., 2008) :
For characterization of the patterned samples atomic force microscopy (AFM) is used. AFM images are recorded in contact mode with standard cantilevers. The diameter d of the structures usually depends on the laser fluence as follows (Hartmann et al., 2008) :
where F th is a critical threshold for a given process, e. g. for monolayer decomposition or substrate ablation. For analysis, the experimental data is fitted on the basis of Eq. (3). This yields the corresponding critical threshold value F th and the 1/e spot diameter d 1/e .
Alkylsiloxane monolayers on quartz glass
Femtosecond laser patterning of alkylsiloxane monolayers on quartz glass at λ = 800 nm allows one to exploit multiphoton absorption processes (Hartmann et al., 2008) . In particular, photochemical patterning of these coatings usually is carried out at λ < 200 nm (Sugimura et al., 2000) . The linear photodissociation energy E D is expected to be around 6 eV. Quartz glass, in turn, exhibits a band gap E B of 9 eV. Hence, at a photon energy of E P = 1.6 eV considered here, nonlinear processing appears feasible. Moreover, in view of these energetic constraints, it has been anticipated, that sub-wavelength patterning of the coating can be carried out well below the ablation threshold of the substrate. Fig. 4 shows AFM data from experiments, in which coated samples are patterned with single laser pulses at distinct fluences. Local irradiation results in circular spots of varying morphology and size. At high laser fluences, two regions can be distinguished (Fig. 4a ). In the inner region ablation of the substrate is evident. In particular, here, depths reach deep into the bulk (Fig. 4c) . In contrast, depths in the outer region remain below 2 nm indicative for a decomposition of the organic monolayer. Note, the outer and the inner region can also be clearly distinguished in the friction contrast (Fig. 4b ). In the following the diameters of these regions, where monolayer decomposition and substrate ablation are observed, are denoted as d SAM and d quartz , respectively (Fig. 4d) . At lower laser fluences, no substrate ablation is observed (Figs. 4e-h ). Decomposition of the monolayer, however, takes place down to very low fluences. In Fig. 5a a plot of the diameters d SAM and d quartz over the full range of laser fluences considered here is displayed. A fit of the data on the basis of Eq. (3) yields critical threshold values for monolayer decomposition F th SAM = 3.1 J/cm 2 and substrate ablation F th quartz = 4.2 J/cm 2 . This points to a fairly large parameter range for selective processing of the monolayers. Moreover, in this regime sub-wavelength patterning below λ/3 is possible. In particular, as shown in Fig. 5b , at d 1/e = 1.8 µm structures with a width of 250 nm and below are fabricated. Note, these structures also come with sharp edges. This opens up an avenue towards laser fabrication of transparent templates with chemical structures down into the sub-100 nm regime. Such chemical templates represent promising platforms for biotechnological applications, e. g. DNA chips or other biosensor arrays. Processing at higher fluences, also provides a facile route towards combined chemical/topographic structures, e. g. for microfluidic applications. With these results and perspectives, quartz substrates represent an ideal platform for fs-laser processing of silanebased monolayers. Noteworthy, only few techniques allow for direct nanopatterning of silane-based monolayers on dielectric substrates, such as quartz or glass. Photolithographic techniques, of course, can be used. Sub-100 nm patterning, e. g. using EUV lithography, though, remains challenging. Also, constructive techniques such as dip pen nanolithography and micro contact printing are complicated because of the intricate silane chemistry and surface charging impedes direct patterning with electron beam lithography.
Alkylsiloxane monolayers on surface-oxidized silicon
For comparison, fs-laser patterning experiments with alkylsiloxane monolayers on surfaceoxidized silicon substrates are carried out . With a linear photodissociation threshold E D of 6 eV and a band gap E B of 9 eV, both the organic monolayer and the surface silicon oxide film are highly transparent in the near-infrared regime. In contrast to quartz glass, however, the band gap of silicon is E B = 1.1 eV. Hence, at a photon energy of E P = 1.6 eV laser absorption essentially takes place in the silicon substrate. Monolayer decomposition appears possible via indirect processes. At sufficiently high fluences, multiple electronic excitations could to take place. In addition, photothermal pathways could open up even at comparatively low fluences. All these processes introduce strong nonlinearities and hence provide a means for patterning with sub-wavelength resolution. AFM images from single-pulse patterning experiments at distinct fluences are shown in Fig. 6a . In contrast to the experiments with coated quartz glass substrates, local irradiation here results in a particularly rich complexity of surface morphology. At high fluences, at least four regions can be distinguished. In the centre region ablation of the substrate is evident (region 1). Radially outwards follow concentric areas where rim and ripples formation is observed (region 2 and 3, respectively) and a faint boundary area (region 4). If the fluence is reduced more and more, at first the depth of the hole in the centre decreases and the rim structure flattens. Finally, the inner regions disappear one after another and only a faint surface spot remains visible where monolayer decomposition has set in. In the following the diameters of the four regions are depicted as d Si , d rim , d ripples and d SAM , respectively (Fig. 6b) . In Fig. 7a a plot of these diameters over the laser fluence is displayed. Noteworthy, despite a 1/e laser spot diameter of d 1/e = 1.3 µm, minimum structure sizes for selective processing of the organic monolayer are about 300 nm. In particular, subwavelength patterning close to λ/3 is feasible. As shown in Figs. 7b and 7c , however, height profiles reveal depths of only 0.3 nm, that is, monolayer decomposition is largely incomplete. Moreover, the parameter range for selective fs-laser processing of alkylsiloxane monolayers on surface-oxidized silicon substrates is fairly narrow. Corresponding fits on the basis of Eq. (3) yield critical thresholds for substrate ablation, rim and ripples formation, and monolayer decomposition of F th Si = 2.1 J/cm 2 , F th rim = 1.8 J/cm 2 , F th ripples = 1.2 J/cm 2 and F th SAM = 1.1 J/cm 2 , respectively. Alkylsiloxane monolayers, of course, exhibit an exceptional high thermal and photochemical stability (Onclin et al., 2005) . Selective fs-laser processing of more sensitive organosiloxane monolayers is expected to be feasible in a significantly larger parameter range. Monolayers with tailored chromophors, here, are particularly promising (Onclin et al., 2005) . In a recent contribution by Jonas, Kreiter and coworkers, for example, fs-laser patterning of silanebased SAMs with photoprotected carboxylic ester functionalities has been addressed (Álvarez et al. 2008 ). In addition, fs-laser processing of organic monolayers on oxide-free silicon appears promising (Buriak et al., 2002; Klingebiel; . In particular, the Si/SiO 2 interface exhibits a valence band offset of around 4 eV. Hence in case of surface-oxidized samples, excited electrons in the substrate need higher energies in order to reach the organic coating on the surface. This could well block reactions, e. g. via multiple electronic excitations. SAMs on oxide-free silicon, in turn, are directly coupled to the semiconducting substrate and hence, generally, are more sensitive.
Alkanethiol monolayers on Au-coated silicon
If the fabrication of chemical templates is targeted, selective processing of the monolayers is a key requirement, e. g. in order to ensure precise vertical alignment of nanoscopic building blocks in subsequent deposition processes . SAMs, in turn, are also used as ultrathin resists. Generally, this makes lower demands on the selectivity of the process. In this respect, alkanthiol SAMs have been demonstrated to provide particularly promising perspectives in fs-laser processing as shown in Fig. 8 . Similar to alkylsiloxane monolayers, alkanthiol monolayers are highly transparent at λ = 800 nm. Photochemical patterning of such SAMs usually is carried out at wavelengths in the deep ultraviolet range (Ryan et al., 2004) . The linear photodissociation threshold E D is close to 5 eV. At E P = 1.6 eV, Au, in turn, exhibits a 1/e penetration depths of 14 nm. Hence, fslaser processing of alkanthiol monolayers is expected to proceed via indirect mechanisms, which start with respective excitations in the substrate (cf. section 3.2).
Figs. 8a-c shows typical AFM images and corresponding height profiles from single-pulse patterning experiment at high fluences. As evident from this data, circular structures with two regions can be distinguished. In the outer region decomposition of the monolayer takes place. In particular, depths are 1-2 nm equivalent to the thickness of HDT SAMs on Au. In the inner region the formation of a fine tip structure indicative for substrate melting is visible 2005b) . In agreement with these results, both regions exhibit a distinct friction contrast in comparison to the surrounding areas. Note, melting structures as those in Fig. 8a , of course, are undesirable when the fabrication of chemical templates is addressed. At lower fluences, melting structures are not observed anymore. The parameter window, for selective monolayer processing, though, is rather narrow. The melting structures, in turn, do www.intechopen.com (Xia et al., 1995) . In the course of this process the 40 nm thick Au film in the bare surface areas is completely dissolved, whereas the SAM in the surrounding areas represents an effective resist layer. Hence, in this way the patterns are transferred into the Au film. No difference in etching is observed between the outer and inner region that are present after laser processing. This results in an extremely large processing window for pattern transfer. From AFM height profiles the diameters of the etched structures at half-depth are obtained. As expected from the observations discussed above, this value is close to the ablation threshold for thin Au films F th Au = 0.55 J/cm 2 reported in the literature (Kirkwood et al., 2007) . Despite a 1/e spot diameter of d 1/e = 1 µm, however, minimum structure sizes after pattern transfer are 160 nm. In particular, sub-wavelength patterning down to λ/5 is feasible. Respective AFM data are shown in Figs. 9b and 9c . Noteworthy, the full width of the step edge of these structures is 80 nm. This value is not corrected for tip size effects, that is, the actual width is expected to be even smaller.
Altogether, these results demonstrate the prospects of alkanthiol monolayers as highresolution resists in rapid nonlinear fs-laser processing.
Summary, conclusions and future perspectives
In conclusion, recent progress in single-pulse fs-laser processing of organic monolayers is reviewed. Processing with a micrometer-sized laser spot at λ = 800 nm and τ < 30 fs allows for sub-wavelength patterning. Generally, though, processing strongly depends on the particular chemical and electronic structure of the SAM/substrate system (Hartmann et al., 2008; Franzka et al., 2010; . Tab. 1 summarizes the results discussed here. Processing of alkylsiloxane monolayers on quartz glass allows one to exploit multiphoton absorption processes (Hartmann et al., 2008) . Selective patterning can be carried out in a fairly large range of laser pulse fluences with sub-wavelength resolution of λ/3 and below. This provides promising perspectives in fabrication of nanostructured chemical templates on transparent platforms, e. g. for biotechnological and microfluidic applications. Processing of alkylsiloxane monolayers on surface-oxidized silicon substrates is expected to follow an indirect mechanism, e. g. via multiple electronic excitations or photothermally induced reactions . In contrast to the experiments on coated quartz samples, the parameter range for selective processing of alkylsiloxane monolayers on surface-oxidized silicon substrates is very narrow only. Moreover, monolayer decomposition here is largely incomplete. Hence, more sensitive monolayers are desired in order to exploit this approach on silicon substrates. In addition, fs-laser processing of organic monolayers on oxide-free silicon appears promising (Klingebiel; . Similarly to alkylsiloxane monolayers on surface-oxidized silicon, processing of alkanethiol monolayers on Au-coated silicon is expected to proceed via indirect mechanims. The parameter range for selective processing, again, is rather narrow only. These SAMs, however, show great promise as high-resolution resists in rapid fs-laser processing of thin Au films. In particular, via etching the patterns can be transfered into the Au film. Minimum structures exhibit a width of λ/5. Overall, these results demonstrate the general versatility of fs-lasers in nonlinear processing of SAMs on dielectric, semiconducting and metallic platforms. Considering tighter focusing optics and shorter wavelength sub-100-nm patterning appears feasible. In addition to its high lateral resolution, the procedure provides a powerful combination of other features, i.e., it is based on a noncontact maskless process and allows for rapid large-area patterning at ambient conditions. Multiple-pulse patterning experiments also show that incubation effects generally are negligible warranting precise fabrication of complex patterns. In view of these results and perspectives, fs-laser processing constitutes a powerful tool for large-area micro-and nanopatterning of self-assembled organic monolayers. Tab. 1. Summary of the experimental results on fs-laser processing of organic monolayers with single laser pulses at λ = 800 nm, equivalent to E P = 1.6 eV, τ < 30 fs. For focusing, optics with NA = 0.5 are used (Hartmann et al., 2008; Franzka et al., 2010; .
On a broader view, the results reported here nicely complement previous studies focusing on sub-wavelength patterning of SAMs via nonlinear processing with continuous-wave lasers exploiting photothermal processes (Balgar et al., 2006; Dahlhaus et al., 2006; Mathieu et al., 2009; Klingebiel et al., 2010; .
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